Calculations of protonation states and pK a values for the ionizable groups in the resting state of bacteriorhodopsin have been carried out using the recently available 1.55 A Ê resolution X-ray crystallographic structure. The calculations are in reasonable agreement with the available experimental data for groups on or near the ion transport chain (the retinal Schiff base; Asp85, 96, 115, 212, and Arg82). In contrast to earlier studies using lower-resolution structural data, this agreement is achieved without manipulations of the crystallographically determined heavyatom positions or ad hoc adjustments of the intrinsic pK a of the Schiff base. Thus, the theoretical methods used provide increased reliability as the input structural data are improved. Only minor effects on the agreement with experiment are found with respect to methodological variations, such as single versus multi-conformational treatment of hydrogen atom placements, or retaining the crystallographically determined internal water molecules versus treating them as high-dielectric cavities. The long-standing question of the identity of the group that releases a proton to the extracellular side of the membrane during the L-to-M transition of the photocycle is addressed by including as pH-titratable sites not only Glu204 and Glu194, residues near the extracellular side that have been proposed as the release group, but also an H 5 O 2 molecule in a nearby cavity. The latter represents the recently proposed storage of the release proton in an hydrogen-bonded water network. In all calculations where this possibility is included, the proton is stored in the H 5 O 2 rather than on either of the glutamic acids, thus establishing the plausibility on theoretical grounds of the storage of the release proton in bacteriorhodopsin in a hydrogen-bonded water network. The methods used here may also be applicable to other proteins that may store a proton in this way, such as the photosynthetic reaction center and cytochrome c oxidase.
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Introduction
This paper reports calculations, using a semimacroscopic electrostatic model, of the states of protonation of various ionizable groups in the ground state of the light-driven, trans-membrane ion pump, bacteriorhodopsin. In particular, we have modeled various alternative sites for the storage of a proton that is released to the extracellular side of the membrane early in the photocycle, including the possibility that this proton resides in a hydrogen-bonded water network inside the protein rather than on any particular protein sidechain.
Bacteriorhodopsin (bR) is a transmembrane proton-transport protein for which there exists a wealth of structural and mechanistic information from a variety of sources, including visible light and FTIR spectroscopy, electron microscopy, electron diffraction, X-ray crystallography, and NMR spectroscopy; and it has become a prototype for other transmembrane proteins whose function includes ion transport, such as the photosynthetic reaction center and cytochrome c oxidase. 1 ± 4 The retinal chromophore is bound to a lysine sidechain of bR by a Schiff base linkage, which in the ground state of bR, is protonated. Excitation by light causes a rapid isomerization of the chromophore triggering a series of protonation state changes involving the Schiff base and several other groups in bR, as well as structural transitions, that ultimately result in the release of a proton to the extracellular side of the membrane, and a proton uptake from the cytoplasmic side. 5 ± 8 The cycle involves intermediates that are designated, J, K, L, M, N, and O, in order of their appearance. Of particular interest here is the release of a proton from a group, X, to the extracellular surface of the protein during the L-to-M transition, coupled to the movement of a proton from the Schiff base to Asp85.
The identity of the group X, upon which the release proton is stored in the ground state, remained unknown even after the identities of a number of other groups in the proton transport chain were established. As more complete and accurate structural models became available, it appeared that a close pair of glutamic acid residues near the extracellular surface, 194 and 204, were well positioned to play the role of group X. Sitedirected mutagenesis of these residues clearly showed that they were involved in proton release, and early FTIR experiments appeared to suggest that one or the other these groups was itself group X. 9 ± 13 But recently, time-resolved nanosecond step scan FTIR experiments by Rammelsberg et al. 13 exclude protonation changes of R82, E204, E194 or other side-chains in this region during the transition to the M state, ruling out the identi®cation of these groups as the release group. Instead, these experiments showed that an IR continuum absorption band present in the ground state disappears during the transition to M, when the proton is released. Spectroscopic studies on a number of model systems have shown that such continuum bands are characteristic of an excess proton within an hydrogen-bonded network; 14 and in ab initio calculations of an excess proton in water, the¯uctu-ation of the excess proton between oxygen atoms in species such as H 5 O 2 and higher-order complexes are predicted to give rise to continuum IR bands. 15 It was therefore proposed that the disappearance of the continuum band in the L-to-M transition is related to the deprotonation of the proton release group, and that group X was therefore an excess proton within a hydrogen-bonded network involving at least two internal water molecules. 13 Recently, FTIR experiments on deuterated samples have provided additional support for this proposal. 16 An H 5 O 2 molecule in a protein cavity is the minimal model for such a protein release group.
Although the FTIR results provide strong evidence for the chemical character of the release group, they cannot resolve its speci®c location. Speci®c water positions within several cavities in the extracellular half of the protein are provided by a recent bR structure determined at 1.55 A Ê resolution by X-ray crystallography, 17 but the X-ray data do not give direct evidence of protonation states. Furthermore, consideration of typical pK a values make it seemingly implausible that a proton would reside preferentially on a species such as H 5 O 2 rather than on carboxylic acid groups. We therefore take an approach integrating the available experimental data with theoretical calculations aimed at ®nding a speci®c model for the storage of the release proton, and evaluating its plausibility by energetic calculations using semi-macroscopic electrostatic models that have proven successful in the past for studies of protonation states and pK a values in proteins, including bacteriorhodopsin. 18 ± 23 This might also provide a paradigm for studies of other proton transporting membrane proteins, such as the photosynthetic reaction center and cytochrome c oxidase, in which IR continuum bands have also been observed.
In addition, the availability of high-resolution structural data, including internal water molecules, makes it possible to re-visit the problem of calculating the titration properties of other functionally important groups in bR, to see whether improved structural data result in improved predictions, as one would hope, and to compare models treating internal water molecules explicitly to models treating water-®lled cavities as cavities of high-dielectric continuum. Because of the high quality of the structural data, we have taken a conservative approach to structural modeling, generally preferring to leave heavy-atom positions unchanged. An extension of the usual theoretical models used in semi-macroscopic pK a calculations was necessary to incorporate the idea of H 5 O 2 as an ionizable site within a protein.
Results
Since a major aim of this work is to explore the ground-state location of the extracellular release proton, the present calculations were designed to allow for each of the following alternative locations that have been proposed on experimental grounds: 11 ± 13 Glu204, Glu194 or a hydrogenbonded water network, so that their plausibility on theoretical grounds can be evaluated. Calculations were performed using structural models that differed as to whether crystallographic water molecules were explicitly included or whether they were removed, so that water-®lled cavities were represented as cavities of bulk-water-like dielectric; whether a single conformer was used or whether a multi-conformer calculation with respect to hydrogen-atom placements was done; and whether the possibility of an H 5 O 2 molecule in a protein cavity was included. In all cases, glutamic acid residues 194 and 204 were included as possible proton storage sites. Other aims of the work are to determine whether pK a values and ionization states for other groups involved in the photocycle can be predicted when a high resolution (1.55 A Ê ) X-ray crystallographic structure 17 is used rather than the lowerresolution structures used in the ®rst calculations of this kind for bR, 18 and whether this agreement can be achieved without the ad hoc structure manipulations, or the ®xing of the Schiff base protonation that were previously required. For this reason, the residues considered as ionizable are not con®ned to the proton-release region, but include ionizable groups throughout the molecule, including the Schiff base. In most calculations here, no changes are made to the crystallographically determined heavy-atom positions, otherwise changes are small and con®ned to a few atoms.
Calculations involving only the Schiff base and standard side-chains as ionizable groups were carried out using the now-standard combination of multi-site titration methods with a model assuming macroscopic electrostatics with atomic detail (MEAD model) for the effects of the protein environment on ionization energetics. 18, 24 Extentions to this methodology to allow the possibility of H 5 O 2 as a proton storage site, and multiple hydrogen atom placements, are described in Theory, Methods and Structural Models. That section also provides an outline of the standard theory, including de®nitions of several quantities used in presenting the results, pK half (the closest analog to pK a in a coupled, multi-site system), pK intr , and thè`B orn'' and``background'' terms. In some cases the calculated pK half values are below 0 or above 15, and some care is needed in the interpretation of the results. Since the calculations are based on either a single conformer, or a model with conformational¯exibility limited to hydrogen atoms, extreme pK half values should be understood as predictions that it is not possible to protonate (in the pK half < 0 case) or deprotonate (in the pK half > 15 case) the site within the normal pH range while keeping the structure unchanged. This implies that any actual titration of these groups would be energetically coupled to structural changes not accounted for in the model. In particular, a number of sites are known to remain in particular protonation states throughout the pH range in which bacteriorhodopsin is stable, so that these sites should be coupled to the acid or alkaline denaturation of the protein. It is to be expected that extreme pK half values will be calculated for such sites. 18 
Electrostatic potentials in the channels
Internal cavities large enough to be occupied by one or more water molecules were located by a simple algorithm that checked possible solventsized probe positions on a cubic lattice for overlap with protein heavy-atoms, and by graphical examination to distinguish internal pockets from the external surface. It was con®rmed that all internal crystallographic water molecules fall into these cavities, except for one water molecule making a very short H-bond with Asp115. The boundaries of these cavities are displayed in Figure 1 where they are also colored according to electrostatic potential.
Immediately below (to the extracellular side of) the Schiff base is a water accessible cavity, and below that is a second, larger cavity. We denote these cavities as EC u and EC d , respectively. They are separated by the guanidinium group of Arg82 which forms both a steric and (for proton transport) an electrostatic barrier between the two cavities. EC d is near the extracellular membrane surface, in direct contact with glutamic acid residues 194 and 204, which have been implicated in the proton release. If residues 194 and 204 are both deprotonated, EC d contains a strong negative electrostatic potential. However, if one of these residues is protonated, the cavity's potential becomes mildly positive. Therefore, EC d is an attractive candidate for the possible location of a proton stored in a hydrogen-bonded water network provided Glu194 and Glu204 are deprotonated.
The change in color of the EC d cavity in Figure 1 (a) from deep red at the bottom to pink at the top re¯ects the fact that the electrostatic potential is substantially more negative in the bottom part of the pocket, near the negative charges of the glutamate residues, than at the top, near Arg82. This fact is of particular signi®cance in the H 5 O 2 calculations described subsequently.
Models without explicit water
The simplest model for protonation state calculations, which we denote here as S, is a single conformer with no explicit water molecules. The internal cavities, which in the crystal structure contain water molecules, here are ®lled with highdielectric (e 80) continuum. The hydrogen atom positions were those generated by the HBUILD and the minimization procedure described in Theory, Methods and Structural Models. The single-conformer version of the protein titration theory was used. In contrast to previous studies 18,20 ± 22 based on older structural models, there was no ad hoc adjustment of the Schiff-base pK mod , or re-positioning of the Arg82 side-chain or alteration of any other protein heavy-atom positions from the crystallographic structure.
The calculated pK half values, as well as the Born and background terms contributing to the intrinsic pK, are shown in Table 1 . The ÁpK Born terms re¯ect the energetic penalty of burying the charged forms of ionizable groups in the low-dielectric protein interior, and tend to be larger for more localized charges. Thus, these terms are consistently large and positive for buried carboxylic acid groups, while for the buried arginine residues and the Schiff base they are negative and of lesser magnitude. The ÁpK back terms re¯ect electrostatic interactions with non-titrating polar groups, such as the backbone amides, and often compensate for the Born terms of buried groups, particularly in more hydrophilic regions of the protein. Finally the interactions between ionizable groups produce further effects, which may be quite strong in regions where several such groups are clustered together, to produce the individual site titration curves from which the pK half values are extracted (see Theory, Methods and Structural Models).
The resulting pK half values are in good general agreement with the available experimental measurements. The Schiff base and Asp96 have very high calculated pK half values, which are consistent with the ®nding that in the ground state these groups remain protonated until the alkaline denaturation point. The high pK half value for Asp96, which must be in the protonated state in order to act as a proton donor to the Schiff base in the M-to-N transition, is mainly the result of the large, positive ÁpK Born term which is not signi®-cantly compensated by the background term in the relatively hydrophobic region where Asp96 is buried. In contrast, the Schiff base has a relatively small negative ÁpK Born term, because the positive charge of the protonated state is delocalized over the retinal, which tends to reduce the penalty of burial. Its high pK half is due to favorable interactions between its positive charge and nearby negative charges, primarily Asp85 and Asp212. Asp85, the recipient of a proton in the L-to-M transition, has a calculated pK half of 1.7, which is somewhat lower than the experimentally measured pK a of the acid-induced purple to blue transition (2.6). Asp212 and Arg82, which are part of the counterion complex just below (on the extracellular side of) the Schiff base, are predicted to be in their charged forms throughout the pH range in which the protein is stable, in agreement with experiment. The charged forms of the Schiff base and its counterion complex (glutamate residues 85 and 212, and Arg82) are stabilized by the strong site-site interactions between these groups, which is more than suf®cient to offset the Born terms. A large upward pK a shift is predicted for Asp115, in agree- Figure 1 . Internal cavities in bacteriorhodopsin and their electrostatic potential. The protein backbone is shown in yellow and the membrane surfaces as green meshes. The extracellular side is at the bottom. Selected side-chains are also shown. The irregular shapes are the surfaces of internal cavities found by the methods described in the text. These surfaces are colored from red to blue for more negative to more positive electrostatic potential, respectively. The potential is calculated by the MEAD potential program, according to the calculated state of protonation at neutral pH (see Table 1 ), except as noted for the sub-®gures. The EC d cavity is just below Arg82 and the EC u cavity is just above it. (a) Both Glu194 and Glu204 are assumed to be deprotonated. (b) Like (a) except Glu194 is protonated. ment with experiment, but the magnitude of the shift is somewhat under-predicted. The calculations predict very high pK half values for all tyrosine residues, which is consistent with the ®nding that no tyrosinate is seen in the ground state at pH values below 12. 25 As for the glutamic acid residues 194 and 204, which have been suggested as candidates for the proton release group, 194 is predicted to be protonated throughout the pH range in which the protein is stable, while 204 is predicted to be deprotonated. Thus, the S model is consistent with 194 acting as the release group, but it should be pointed out that an excess proton in the internal water is not included as a possibility in this model. FTIR experiments exclude a protonation change of either 194 or 204 during the photocycle of the wild-type. 13 Furthermore, if either of these groups is protonated in the BR state at neutral pH, it is unlikely that the H-bonding is not changed during the photocycle. Such H-bonding changes would have been observed by FTIR, as in the case of D115, which is seen undergoing changes in the Hbonding environment in the K, L, M and N intermediates. It therefore seems very unlikely that either Glu204 or Glu194 are protonated at neutral pH. 13 In summary, if the possibility of H 5 O 2 as a proton storage site is excluded, Glu194 is predicted to be the proton-release group, but this contradicts the experimental results.
To explore whether¯exibility with respect to hydrogen-bonding arrangements could in¯uence the results, calculations were performed that allowed for variable hydrogen atom positions in three distinct regions of the protein: Asp115/ Asp96; Asp85/Asp212; and Glu194/Glu204. In each case, four possible hydrogen positions were included for each carboxylic acid: protonation on either of the two oxygen atoms, and for each case, the syn or anti orientation for the proton. For the states in which both members of a close pair were protonated, all 16 possible arrangements were included, so that correlations between proton positions within close pairs was fully accounted for. The multi-conformational formulation described in Theory, Methods and Structural Models was used. We denote this set of calculations as the MC model.
The pK half values calculated using the MC model (Table 2) are very similar to those from the singleconformer calculation for most residues, the exception being Asp115, whose pK half value is now in signi®cantly better agreement with experiment. Examination of the calculated populations of the various conformers shows that in most cases, one conformation is strongly preferred over others, and that the preferred conformer is the same one found a Tyrosine residues were also included, but all were found to have pK half values well above 15. b The ÁpK are the pK equivalents of ÁÁG Born and ÁÁG back of equation (2). pK int pK mod ÁpK Born ÁpK back . c The``release group'' is believed to involve Glu194 or Glu204 or a network of water molecules near these residues. It is certainly protonated at neutral pH. Experimental work indicates a release-group pK a value of 9.5, 32 or 9.0 (R. Rammelsberg & K.G., unpublished results).
in the H-placement scheme used to prepare the single-conformer calculation. In effect, the multiconformer calculation has provided a test of the initial proton-placement scheme, and the results indicate that the initial placements were correct in the sense of obtaining optimal electrostatic interactions.
Models with crystallographic water molecules
Calculations were also carried out in which all 23 crystallographic water oxygen positions were retained. These include seven water molecules in internal cavities between the Schiff base and the extracellular membrane surface, and three in cavities between the Schiff base and the cytoplasmic surface. 17 Hydrogen atom positions were built onto the crystallographic oxygen atom positions for all of these water molecules, by the procedure described in Theory, Methods and Structural Models. Regions occupied by these water molecules are treated as``protein'' as far as the dielectric model is concerned, which means that the interior region now is nearly all assigned a dielectric constant of 4, with only a few small interior pockets of high-dielectric continuum. Therefore, the partial stabilization that was previously provided to buried charges by the high-dielectric pockets in the above calculations (generally reducing the magnitude of the ÁpK Born term), is now removed, but interactions of the charged form with the explicit water dipoles (now entering in the ÁpK back term) may provide compensating stabilization.
The results of a single-conformer calculation with explicit water, which we denote as model WS (Table 3) are largely similar to the results without explicit water, but there is a striking reversal of the roles of glutamic acid residues 194 and 204. Glu204 now remains protonated throughout the pH range in which the protein is stable, while Glu194 remains deprotonated. Thus, the Glu194/Glu204 pair still stores one proton, but the proton now resides on Glu204 rather than Glu194. As before, the possibility of the release proton as an excess proton in the internal water network is not included in this model.
The pK half value of Asp115 calculated using model WS is signi®cantly lower than that calculated using the corresponding model with no explicit water (model S) and thus farther from the experimental result. The MC results, discussed above, suggest that this may be related to the choice of the Asp115 proton position. The WS model correctly predicts the Asp85 pK a value to be shifted downward, but overestimates the magnitude of the shift. This is in contrast to the S model, which gives better agreement with experiment. On the whole, the single-conformer model with explicit water predicts the same protonation states as the model without explicit water, apart from the 194/204 reversal and the borderline protonation state of Asp115; but the quantitative agreement with available experimental pK a data is not as good. This may be because the WS model does not allow the explicit water molecules to re-orient in response to protonation changes, while the highdielectric interior cavities of the S model are able to respond by polarization changes.
The next model, WMC, allows for¯exibility with respect to hydrogen-bonding arrangements, and limited re-orientation of the explicit water molecules. It was designed to focus on the in¯uence of water molecules in the EC d pocket on the position- The calculation includes all the same residues shown in Table 1 , but here only sites which are either known to be involved in proton transport, or whose calculated pK half value differs signi®cantly from that calculated in the S model are shown.
a See footnote a of Table 1. ing of the putative release proton on either Glu194 or Glu204, or the possibility of the two residues sharing the proton. As in the MC model, all 16 possible ways of positioning two protons on the side-chains of residues 194 and 204, and all eight ways of positioning one proton on the pair are included in a multi-conformer calculation. For each of these proton con®gurations, as well as for the doubly deprotonated state, water hydrogen positions were re-built using the HBUILD and minimization procedure described in Theory, Methods and Structural Models. This allows the water molecules to re-orient in response to changes in the protonation state. In order to avoid biasing the calculations in favor of more protonated states, an equal number of overall conformers (16) was included for the doubly protonated state, the state with Glu194 alone protonated, the state with Glu204 alone protonated and the doubly deprotonated state. In the doubly protonated case, there were already 16 conformers, but in the other cases, additional conformers were created by combining glutamic acid proton con®gurations for that particular state with water con®gurations that had been generated for other protonation states. As a result, a total of 64 conformations are included. The multi-conformer formalism is then applied. The energetic cost of this water re-orientation is accounted for by the reference-state energy differences calculated by the CHARMM22 energy function and MEAD-based solvation effects (see Theory, Methods and Structural Models). Again, the water molecules were treated only as H 2 O, and not as possible sites of protonation.
The calculations using this model predict a pHdependent sharing of a proton between glutamic acid residues 194 and 204 ( Figure 2 ). The fraction of the proton on 204 is higher, but this result is sensitive to the details of the water positions and orientations, and thus to the ®ne details of the crystallographic structure determination and the hydrogen-building procedures. Essen et al. 26 have proposed that both 194 and 204 could serve jointly as a release group, with nearby water molecules exerting a signi®cant in¯uence.
In both this calculation and the WS model calculation, the inclusion of explicit water molecules rather than a pocket of high-dielectric continuum tends to shift the equilibrium towards the protonation of Glu204 rather than Glu194. Examination of the preferred water orientations shows a semi-linear chain of hydrogen bonds (Arg82-W403-W404-Glu194) connecting the negatively charged Glu194 with the positively charged side-chain of Arg82, leading to enhanced stabilization of the state in which Glu204, rather than 194, holds a proton. This effect occurs in both the WS and WMC models but its energetic consequences in the latter are not so strong as to cause complete occupancy of the state with Glu204 protonated.
Models with H 5 O 2 in release channel
A model that allows for the possibility that the release proton is stored in a hydrogen-bonded water network has been prepared by building an H 5 O 2 molecule near the Glu194/Glu204 pair.
is the minimal model for the storage of a proton in a low-barrier, water-water hydrogen bond of the type that has been proposed to be responsible for the observed continuum band in the FTIR difference spectra. 13 We note that some previous computational studies 22, 27 . This pocket has a strong negative potential when residues 194 and 204 are deprotonated. The EC u pocket can be excluded because the mutation, Asp212Asn, has no in¯uence on the continuum band. 13 The EC d pocket is bounded by the glutamic acid dyad on its extracellular side, and by Arg82 on the opposite side. In the crystal structure, this pocket contains three water molecules denoted W403, W404 and W405, and it is suf®ciently large to accommodate a fourth water molecule as well.
Initially, we explored the possibility that the H 5 O 2 molecule could be formed by using the oxygen positions from W403 and W404. These two water molecules form a hydrogen-bonded bridge position with the water oxygen atom near Glu194 (the W404 oxygen) restrained, caused the other oxygen atom (from W403,) which has a high B-factor and elongated density in the X-ray crystallographic study, to move away from the arginine and into an unoccupied region of the pocket between the carboxylate groups of glutamate residues 194 and 204. (During this minimization the position of other water and protein atoms was restrained, and residues 194 and 204 were deprotonated.) It was then possible, without steric clashes, to re-®ll the vacated W403 position with a water molecule having the original W403 oxygen coordinates. In effect, the empty fourth water position noticed in this pocket in the crystal structure, a position very near the dyad, became occupied by the extra oxygen atom needed to change W404 from
The resulting model is shown in Figure 3 . It should be emphasized that as far as heavy-atom positions are concerned, none of the crystallographically determined coordinates have been altered; the model only introduces one new oxygen position.
The methods described in Theory, Methods and Structural Models for treating H 5 O 2 as a titrating`s ite'' in a protein were then applied to this structural model. We refer to this as the PW (protonated water) model. The resulting titration curves for the H 5 O 2 and the two glutamic acid residues are shown in Figure 4 . Below pH 0, the two glutamic acid residues are protonated but H 5 and Glu204 were 0.35 and 0.65, respectively. Thus, in a calculation that allows for the possibility of a proton in an internal hydrogen-bonded water network in the proton release region, such a proton does indeed occur preferentially to a proton on the glutamic acid dyad, although uncertainty as to pK mod values can reduce, but not eliminate the fraction residing on H 5 O 2 . The pK half values of other groups are similar to those of the S model which is the non-H 5 O 2 model most similar to this one ( Table 4) .
The region of Glu204/294 is somewhat disordered in the crystal structure. 17 The side-chains of Glu194, Glu204, Ser193, and water molecule 403 have high B-factors. Furthermore, the H 5 O 2 position modeled by the above procedure produced a number of unusually short oxygen-oxygen distances between the extra oxygen atom and heavy atoms from the crystallographic structure, although strong electrostatic interactions more than offset unfavorable van der Waals interactions. This motivated additional calculations to explore the sensitivity of the results to structural variations. as the proton release group. The three lower curves pertain to the individual sites listed in the legend. The upper curve is the sum of the three lower curves. Above pH 4, one proton is present and resides mostly in the H 5 O 2 form, though it is partly shared with Glu204.
A structural model was therefore prepared by an energy minimization that allowed apparently disordered (high B-factor) heavy atoms to relax. Starting with the above PW model, energy minimizations were performed in which the heavy atoms of the side-chains of Ser193, Glu194 and Glu204 and the oxygen atoms of water 403 and the H 5 O 2 were allowed to move with only weak harmonic constraint. As before, all hydrogen atoms were allowed to move without constraint. The protonation states were the same ones used for the PW model preparation. The largest heavy-atom movements were seen for the O e atoms of Glu194 (Table 4 , relaxed-model column, and Figure 5 ) give the result that the proton remains on the H 5 O 2 throughout the pH range, while effects on other groups are relatively small. The tendency of the release proton to prefer the H 5 O 2 form rather than a glutamic acid is even stronger in this calculation than in the PW model. There is no discernable sharing of the proton in Figure 5 . Sharing of the proton with Glu204 occurs only if the pK mod for H 5 O 2 is arti®cially lowered to the unrealistic value of À4.7, as compared to the pK mod value of À1.7 adopted here (see Theory, Methods and Structural Models).
Discussion
In general, good agreement was obtained between the calculations and previously published experimental results for the protonation states and, where available, the pK a values of ionizable residues on, or closely involved in the ion transport pathway. Inclusion of conformational variability with respect to proton placement improved the accuracy of the calculated pK a values in a few cases, and in other cases served as a check on the initial proton placements while leaving the calculated pK a values unchanged. It might be thought that inclusion of explicit water molecules in internal cavities should be preferred over the modeling of water-®lled cavities as pockets of high dielectric constant, particularly when water positions are available from X-ray crystallographic studies. However, in the usual formulation of electrostatic continuum models for pK a calculations, this amounts to treating the water molecules as dipoles that do not re-orient even when adjacent side-chains change their ionization state. On the other hand, a high dielectric cavity is able to polarize in response to such events, although this can only be a crude model of the actual response of the cavity water. In the present work, calculations of both kinds were tried, including calculations allowing for limited explicit water reorientation through the minimization protocol. The results were generally similar, but inclusion of explicit water molecules in a single-conformer calculation led to somewhat worse agreement with experimental pK a values than the treatment of internal water as high-dielectric cavities. In early computational studies of the protonation states of the ground state of bacteriorhodopsin 18, 21 based on a more approximate structural model derived from cryo-electron microscopy data, 28 satisfactory agreement with experiment could only be obtained by manipulation of the Arg82 side-chain position. Since the data did not provide density corresponding to this side-chain, it was initially modeled in a``down'' orientation away from the Schiff base. In order to provide enough stabilization of aspartate negative charges to predict both Asp85 and Asp212 to be deprotonated, Arg82 was moved into an equally plausible``up'' orientation near these aspartate side-chains. 18, 21 In some cases it was also necessary to add an ad hoc positive term to the intrinsic pK of the Schiff base to force it to remain protonated. 18 From this work it was obvious that the pK value of Asp85 depends on the position of Arg82, and that movement of Arg82 can in¯uence the pK of Asp85 and could be part of the proton release trigger. Such movement is actually found now in the M state. 29, 30 It is gratifying that in the present work, using a high resolution crystallographic structure, and a Schiff-base charge model based on high quality density-functional calculations, no manipulations of heavyatom coordinates or pK intr values were required to obtain good agreement with experiment.
The actual position of the guanidinium group, as revealed by the new crystal structure, is midway between the``down'' and``up'' positions. The EC u cavity (Figure 1 ) corresponds approximately to the old``up'' position, and the EC d cavity corresponds to the old``down'' position. In the present calculations, the stability of the release proton in the hydrogen-bonded network involves a balance between the stabilizing effect of negative charge from Glu194 and Glu204, and the destabilizing effect of the positive charge of Arg82. Indeed, Arg82 is thought to serve as a crucial link in a chain of conformational changes that trigger proton release. 3, 22, 31 As for the groups which have previously been proposed as the group X, which releases a proton to the extracellular side during the L-to-M transition, the computational models that do not allow for the proton to be stored in water predict that either Glu204 and Glu194 holds the proton, or that the proton is shared between them, depending on the model details. A previous MEAD-type study 23 of various side-chains as possible proton release groups found that Glu204, but not Glu194, could act as the release group; but this study was based on older structural models in which Glu194 was positioned differently, and not in such close association with Glu204. In the development of a minimal model for a proton stored in a hydrogenbonded water network, we found that the most plausible location was the lower part of the EC d cavity shown in Figure 1 . A position for an H 5 O 2 molecule was found that allowed for favorable interactions with Glu204 and Glu194 in their carboxylate forms, while avoiding direct contact with the positively charged side-chain of Arg82 (Figure 3) . When this H 5 O 2 site was included in the protein titration model and allowed to compete for the release proton with the two glutamic acid residues, it was found that the proton did indeed reside preferentially on the H 5 O 2 . The calculations therefore indicate that a proton in a hydrogenbonded network of internal water molecules is an energetically plausible candidate for the storage of the release proton as proposed on the basis of observation of a broad continuum band in the FTIR difference spectra. 13 In all of the computational models, the proton release group, be it Glu194, Glu204 or H 5 O 2 , continues to hold the proton up to a pH value of 15 or more. This is in contradiction to experimental ®nd-ings that the release group has a pK a of 9-9.5 32 (R. Rammelsberg et al., unpublished results). In the calculations, the fully deprotonated state is highly unfavorable because the two negatively charged glutamate residues are very close together, whereas the protonation of one of the glutamate residues, or of a nearby water dimer either removes this repulsive interaction or provides a compensating attractive interaction, respectively. It seems likely that in the real protein, deprotonation of the release group under alkaline conditions would cause Glu194 and Glu204 to move apart to lower the energy of the fully deprotonated state. Since none of the model calculations allow for pHinduced changes of heavy-atom positions, this avenue is closed, and the calculations over-predict the pK a . The crystal structure of the ground state suggests a fairly high degree of conformational mobility in this region, 17 and in the recent crystallographic structure of the M state the region undergoes signi®cant conformational change relative to the ground state, including a movement of the Arg82 guanidinium group towards the extracellular side. 29, 30 It therefore seems plausible that the deprotonation of the release proton at around pH 9 in the ground state is accompanied by a shift to a more locally M-like structure in the region of the EC d pocket.
The EC d pocket in which the H 5 O 2 is located is large enough to accommodate four water molecules, and three are seen in the crystallographic structure. Our H 5 O 2 positioning is consistent with one of these three observed crystallographic water oxygen positions, combined with a fourth oxygen position in a vacant region of the pocket. In protein X-ray crystallography, typically only well-ordered water molecules show up in the density. Remaining cavities may or may not be ®lled with statically or dynamically disordered water molecules. (An example of a borderline case is water 403 in the EC d pocket, which, as evidenced by its B factor and elongated density, is partially disordered.
)
Thus, while there is no positive crystallographic evidence for the added oxygen atom position that we have modeled, it is not inconsistent with the crystallographic data.
Examination of the electrostatic potentials in the pocket, and preliminary titration calculations indicated that both of the oxygen atoms of H 5 , could also account for a continuum band, but it appears from the crystal structure that this could only occur by incorporating a third oxygen position that would be farther from the glutamate residues and closer to guanidinium group of Arg82. This would seem to be less energetically favorable than the H 5 O 2 case, so no attempts were made to model ionized water complexes larger than H 5 O 2 . The electrostatic and steric barrier imposed by the Arg82 guanidinium group appears to provide a``ceiling'' on any ionized water network storing the release proton, while the negative charges of the glutamate 194 and 204 carboxylate groups provide a``¯oor.``In view of these structural constraints, and the lack of any other pockets with strong negative potential in the putative proton-releasing region of the protein, we believe that if the release proton is indeed stored in an internal water network, as suggested by FTIR spectroscopy 13 and the present results, it must be very close to the H 5 O 2 position that we have modeled. Finally, in the recently obtained M-state structures, 29, 30 EC d no longer exists as a closed pocket, but is opened to the extracellular side, and the arrangement of the polar and charged groups lining it is substantially changed. The identi®cation of this pocket as the proton storage site is consistent with its disruption in the state from which the proton has presumably been released.
As mentioned in the Introduction, it would at ®rst seem implausible that H 5 O 2 would be preferred over a glutamic acid as the location of a proton, because the typical pK a value of a glutamic acid, 4.4, is higher than that of H 5 O 2 (approximately À1.7). Burial of these groups would make the pK a difference even greater, by penalizing the formation of both glutamate and H 5 O 2 relative to the neutral forms. Two effects compensate for these tendencies in the calculations. First, because the charge of H 5 O 2 is delocalized across two water molecules, it does not suffer as large a Born desolvation penalty as a more compact species, such as H 3 O would do. Second, the H 5 O 2 has very strong favorable interactions with the negative charges of the two glutamate residues: its interaction energies with Glu194 and Glu204 are equivalent to 17.4 and 14.4 pK units, respectively. If the proton were to instead reside on either Glu194 or Glu204, these favorable interactions would be lost, although the unfavorable interaction equivalent to 8.4 pK units between the two glutamate residues would also be lost. The net interaction energy terms among these three groups (Glu194,204 and H 5 O 2 ) thus favors protonation of the H 5 O 2 by 23.4 pK units, which is enough to compensate for the pK intr difference of 21.1 between Glu204 and H 5 O 2 (see Table 4 ).
Theory, Methods and Structural Models
The calculations are based on the idea that the difference between the titration behavior of ionizable groups in a protein, and a group of the same kind in a model compound is caused mainly by differences in the electrostatic effects in the protein versus the model compound. It is further supposed that these electrostatic effects are adequately described by the following semi-macroscopic model: the solvent region is represented by a continuum having the bulk dielectric constant of water e w ; the region inside the protein, membrane or model compound has a dielectric constant e in , which is a parameter of the model; the charge distributions of the protein or model compound, including both forms of the titratable groups, are modeled by atomic partial charges. The boundary between the interior and exterior of the molecule is the Connolly molecular surface 33 which is de®ned by the atomic radii and coordinates through a hypothetical process of rolling a solvent-sized probe sphere over the atomic spheres. The electrostatic potential f is then determined by the Poisson equation:
where the charge distribution r is de®ned by atomic partial charges, and the dielectric constant e(r) is e in or e w according to the region in which r falls. This equation can be solved by the ®nite-difference method. 34 We refer to this electrostatic model as MEAD (macroscopic electrostatics with atomic detail). The use of the MEAD model for calculations of ionization states in proteins has been described; 18, 24 but in the present work some variations from the usual methods, particularly the inclusion of H 5 O 2 as a titratable site, allowance for variable hydrogen-atom positions, and the presence of a membrane, require a fairly detailed description of the theoretical methods.
A side-chain as a titratable site in protein
Because the present study includes consideration of H 5 O 2 as a titrating site, it is necessary to describe the ideas and assumptions underlying the standard treatment of ionizable side-chains to justify the extension of these methods to an H 5 O 2 molecule in a protein cavity. The standard scheme starts with Tanford & Kirkwood's 35 observation that if one has a matrix of site-site interactions W ij , and a set of``intrinsic pK a``v alues, where the pK intr of a site is de®ned as the pK a that it would have if all other sites were neutralized, it is then possible in principle to calculate the full ionization behavior of the protein as a function of pH. The calculations of the pK intr values are based on the assumption that any difference between the pK intr and the pK a of a corresponding model compound pK mod is due purely to electrostatic effects.
The usual formulation, which is incorporated into several computer programs for protein electrostatics, including the MEAD suite used here 18, 36 is:
where ÁÁG Born is the difference between the Bornlike solvation energy of the partial charges of the titrating group in its protonated versus deprotonated form in the protein versus the model compound, and ÁÁG back is the corresponding difference of differences for the interaction of the titrating site with non-titrating charges in the protein or model compound (e.g. the peptide backbone). To put the assumptions involved in arriving at equation (2) more formally, let PAH and PA denote the protein with the site under consideration protonated or deprotonated, respectively, and all other sites neutralized. Let AH and A denote the protonated and deprotonated forms of the corresponding model compound for which pK mod is presumed to be known. Consider the thermodynamic cycle:
where the vertical lines represent``alchemical'' processes corresponding to``cutting out'' the model compound from the protein, as suggested in Figure 1 where the elec component is the change in electrostatic interactions with the surroundings in the protein versus the model compound, the ne component is the change in non-electrostatic nonbonded interactions, and the chem component is for any changes not accounted for by the ®rst two, such as the alteration of chemical bonds implied by the process of``cutting out'' the model compound from the protein. Clearly, ÁG elec will be quite different for the protonated and deprotonated forms. But ÁG ne should be nearly the same, since the protonated and deprotonated forms are sterically very similar; and ÁG chem should be nearly the same provided the cut is made far enough from the titrating functionality that there is no through-bond in¯uence on its pK a value. (In this work, for ionizable side-chains of amino acid residues, we follow the common practice of taking the model compound to be the residue and its twō anking backbone peptide groups. 24 In Asp, for example, the cuts are then four covalent bonds away from the carboxylic acid group.) The essential approximation of the standard method for calculating pK intr is that the ÁG ne and ÁG elec terms will be the same for m prot and m deprot , so that equation (3) becomes:
The usual expression for pK intr (equation (2)) is then essentially equation (5), re-written in terms of Born and background electrostatic contributions (see Bashford & Gerwert 18 for the speci®c details of these terms).
The same solutions of equation (1) from which the ÁÁG Born and ÁÁG back terms are obtained can also be used to obtain the matrix of site-site interactions W ij . The fractional protonation of any particular site in a protein with N titratable sites can then be calculated by a Boltzmann-weighted average over the 2 N possible protonation states, or by a suitable approximation of such an average. 37 Having determined the protonation as a function of pH for each site, the pK half of a site is de®ned as the pH at which that site is half protonated. The pK half value is thus roughly analogous to the pK a value of a molecule with a single ionizable group.
as titratable site within protein
Consider an H 5 O 2 molecule con®ned within a protein cavity as a titrating site which, upon depro- tonation, becomes a pair of water molecules within the protein cavity. We wish to treat this as a``site'' within the framework of the usual methods of calculating ionization states of proteins. In this case, the thermodynamic cycle of Scheme (1) becomes: where P( . . . ) denotes a species con®ned in the protein cavity, and in the upper reaction, the species are in bulk water. Here, the two vertical arrows represent not the alchemical``cutting out'' process of Scheme (1), but rather the transfer of an H 5 O 2 molecule, or a dimer of water molecules, respectively, between the protein cavity and the bulk. The chemical potential differences between the species in protein and in solution can again be divided into electrostatic and other components, as in equation (4), but in the present case there is no covalent bond breaking as previously represented by ÁG chem . If we once again assume that the nonelectrostatic components of Ám do not change between the protonated and deprotonated forms (i.e. the difference between the interaction of a water dimer and H 5 O 2 with the protein cavity is purely electrostatic) then we again obtain equation (5) , which is equivalent to the standard formula, equation (2) .
It remains to choose an appropriate pK mod value corresponding to the top equilibrium in Scheme (2) . The dif®culty is that in the deprotonated form, our``model compound'' becomes a water dimer in bulk water, that is, K mod is the dissociation constant for the reaction H 5 . Using a total water concentration of 55 mole/l, and taking the negative logarithm of equation (6):
Given the strongly H-bonded structure of water, it is likely that a high fraction of the water molecules are participating in dimers that have a suitable geometry for protonation to H 5 O 2 , therefore f should be close to 1. If one supposes that the proton in water occurs as a roughly equal mixture of H 5 O 2 and oxonium, 39 then a % 1. Combining these suppositions about f and a, one ®nds log f(1 1/ a)/2 % 0, and pK mod % À 1.7. Admittedly, the above derivation of the pK mod value is approximate, but uncertainties corresponding to even an order of magnitude in f or a correspond to uncertainties in pK mod of only approximately 1. Therefore, in using this value one should check whether the ®nal results are sensitive to pK mod variations of order 1.
Membrane, dielectric boundary and charges
In this work, we model the membrane simply as an in®nite dielectric slab having the same dielectric constant e in as the protein interior. In using the ®nite-difference method to solve equation (1) , it is necessary to specify f on the outer boundary of the ®nite-difference lattice (i.e. Dirichlet boundary conditions 40 ). In many applications to biomolecules it is common to set this potential to zero, or to use a simple analytical approximation, such as Coulomb's law. However, these approximations may lead to signi®cant error in the case of an in®nite dielectric slab. We therefore use the method of images 40 to ®nd the lattice boundary potential of a set of atomic partial charges in or near an in®nite dielectric slab. Since the membrane in the present case is transverse to the coordinate z-axis, the obvious de®nition for e(r) for a protein-membrane system is that it is e in if r is either in the protein or if the z coordinate is between the two values that de®ne the two surfaces of the membrane. However, bacteriorhodopsin, like many membrane spanning proteins, is known to have internal water-®lled pockets or channels that lie between the two membrane surfaces, and in some cases, we Bacteriorhodopsin pK a Calculations wish to be able to model these pockets as having the bulk water dielectric constant e w . Therefore, we de®ne the e in region as follows: all points which lie within the protein interior, and all points which are between the top and bottom surfaces of the membrane and outside of a 10 A Ê cylinder whose axis is transverse to the membrane and passes through the center of the protein. The protein boundary used in this de®nition is the molecular surface, 33 including the surface of interior pockets. In other words, a point is outside the protein if it is possible to ®nd a position for a solvent-sized (1.4 A Ê ) spherical probe such that the point falls inside the probe, but the probe does not overlap any atoms of the molecule; otherwise the point is inside the protein.
The use of the method of images described above, which is incorporated into the software used here, is valid only for the Poisson equation, and not for the Poisson-Boltzmann equation, which would be needed in order to include salt effects. Therefore, we had to choose between including salt effects or including the membrane. Preliminary calculations including salt, but no membrane, or a membrane but no salt, showed that the membrane effects on calculated pK half values were much larger, so we chose to include the membrane effects. The effects of the membrane's lipid head-group charges are also not included. It is expected that these would be largely cancelled by salt effects as an electrical doublelayer is formed, and that calculations with head groups, but no salt, would be worse than calculations without head groups at all.
In early applications of the MEAD method to protein pK a calculations the charge distributions used included the full set of atomic partial charges for the non-titrating charges, but titrating groups were modeled as having their formal charge concentrated on a single point. 24, 41 Later, this singlesite-charge restriction was lifted 18 so that the titrating site could also be described by atomic partial charges, but uncertainty as to proton placement was re¯ected by``smearing'' the hydrogen-atom charges between heavy atoms. For example, the protonated form of glutamic or aspartic acid was modeled by distributing the hydrogen partial charge between the two oxygen atoms of the carboxylic acid group. In the present work we make an explicit placement of all hydrogen atoms and use atomic partial charges without smearing.
Multi-conformer case
In several cases (see Results) ensembles of structural models were generated which differed from one another as to the positions of the labile hydrogen atoms in the ionizable groups. Some cases also included variation of water hydrogen-atom positions as well. Calculations were then done in a way that allowed the system to select which members of this ensemble were most populated at various pH values. This was done by calculating the protonation of each site as a function of pH for each member of the ensemble, using the singleconformer methods described above, and then combining the results using integrals over proton binding isotherms, which allow the pH-dependence of the free energy of a conformational change between two members, A and B, of the conformational ensemble to be expressed as: where the Q are either the total charge or total number of protons bound in state A or B.
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Using this formula, and the values of Q provided by the calculations for the individual members of the ensemble, the relative population of all members of the ensemble can be found at any pH, provided that the ratios are known at some reference pH, pH o . The average ionization of individual sites as a function of pH can then be obtained by weighting the results of the single-conformer calculations according to these ratios. This leaves the problem of selecting a reference pH, and ®nding the relative populations of conformers at that pH. In calculations including only the conformational variability of the labile protons, the solution is simple. The reference pH is selected suf®ciently high that all of the labile protons (typically carboxylic acid protons) are dissociated. Then all members of the ensemble become identical and have identical free energies and populations (ÁG AB (pH o ) 0). If the hydrogen atom positions of water molecules are also considered as¯exible, it is again convenient to choose high pH so that all relevant ionizable groups are deprotonated, but in this case, variation as to water hydrogen atoms remains. Here, we calculate these energy differences using the CHARMM22 force ®eld, with the dielectric constant set to 4.0 to maintain consistency with the MEAD calculations, and solvent effects are treated by the MEAD model.
Structural models, parameters and programs
All calculations are based on the 1.55 A Ê X-ray crystallographic structure of Luecke et al.
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(PDB 45, 46 entry 1C3W). With a very small number of exceptions, noted in Results, all heavy-atom positions from this structure were left unchanged. The missing loop, Thr157-Glu161, was constructed using the loop-building facility of the SYBYL molecular modeling system{ Hydrogen-atom positions were initially generated using the HBUILD algorithm 47 as implemented in the CHARMM computer program, 48 and then energy minimized using the CHARMM22 force ®eld 49 and the ABNR module of CHARMM with all heavy atoms ®xed.
In addition to atomic coordinates, MEAD calculations require atomic charges and radii. (The radii are used to de®ne the dielectric boundaries.) The radii used are taken from Bondi, 50 and where available, the atomic partial charges are taken from the CHARMM22 force ®eld. However, this force ®eld does not have partial charges for either the protonated or deprotonated form of the retinal Schiff base, for H 3 O , or for H 5 O 2 , so charges were determined by density functional calculations for these species. These calculations were carried out using the Amsterdam Density Functional program (ADF). 51 A triple-zeta basis set size and frozen core orbitals are used for all atoms. (In ADF this is`b asis set IV.``) For the exchange and correlation part of the density functional, the local density approximation of Vosko et al. 52 (VWN) with the the Becke gradient correction 53 and Perdew correlation term 54 were used. The atomic partial charges are then obtained using electrostatic potential ®t-ting. The resulting charges for the retinal Schiff base are shown in Table 5 and Figure 6 . The charges for H 5 O 2 are shown in Table 6 . The electrostatic calculations are carried out using the MEAD computer program suite 18, 36 which uses the ®nite-difference method was used to solve the Poisson equation. The ®nite-difference lattices were arranged according to a focusing scheme: a 65 3 grid with 1.5 A Ê spacing centered on the molecular center was followed by a 65 3 grid with a 0.25 A Ê spacing centered on each particular titrating site. The interior regions were assigned a dielectric constant of 4.0. The model-compound pK a values used were as follows: retinal Schiff base, 7; Asp, 4.0; Glu, 4.4; Arg, 12.0; Lys, 10.4. All residues of the above types were included as ionizable groups in the calculations. Tyrosine residues were considered as ionizable with a model compound pK a of 9.6, in the ®rst set of calculations, but since it was found here and in previous work 18 Figure 6 . Structure of lysine-retinal with atom names used in Table 5 . a Charges for the deprotonated form are taken from the TIP3P water model. that tyrosine side-chains were always predicted to remain protonated, subsequent calculations treated them as ®xed in their protonated state.
